This paper describes the evaluation of a ground-based sky camera system for studying the effect of clouds on the level of the ambient ultraviolet radiation. The system has been developed for research in the characterization of the effect of clouds around the sun. It is the first sky camera system to be used for the assessment of cloud conditions in the vicinity of the sun, rather than a whole-sky assessment. The system features a sun-tracking sky camera with an integrated measurement of horizontally received radiation at the same location. The imageprocessing algorithm uses solar radiation readings to reduce reflections from the sun on the camera system being mistaken for cloud in the images. Cloud amount was estimated in an angular region of between 12.5Њ and 37.5Њ around the sun. The algorithm also estimates the amount of solar obstruction by cloud (sun not covered, partially or totally covered). The system was evaluated during September 1997 at Toowoomba, Australia (27.6ЊS latitude). Compared to manual assessment of 592 images, 76.5% were identified correctly by the algorithm for the degree of solar obstruction and 81.9% for cloud amount. The behavior of ultraviolet radiation levels with cloud conditions is discussed.
Introduction
Satellite cloud data may be used in conjunction with radiation models to map ultraviolet radiation (UVR) in a geographical region (Nunez et al. 1994) . No satellitebased whole-sky camera has been used to study the effect of cloud amount on UVR at ground level. Borkowski et al. (1977) and Schafer et al. (1996) employed ground-based whole-sky cameras to study cloud effects on UVR at ground level. In both studies the degree of solar obstruction and whole-sky cloud amount were determined visually (not automatically) from the images by subjective methods. Presumably the cloud amount in the vicinity of the sun produces the most important effect on the level of ambient UV. At the present time there has been no reported study of the measurement of cloud properties in the vicinity of the sun using an automated satellite-or ground-based sky camera system. Cloud images in the vicinity of the sun can be recorded automatically with a sun-tracking camera. In order to process a vast number of images of cloud, it is desirable to automate the image analysis process. Goodman and Henderson-Sellers (1988) and Wooldridge (1993) review the major approaches to automatic cloud measurement for meteorological purposes. Goodman and Henderson-Sellers (1988) concentrate on satellite techniques and Wooldridge (1993) reviews ground-based systems. Wooldridge (1993) describes the development and evaluation of an automated whole-sky camera system to estimate cloud amount. Discrimination into cloud or clear sky was made on the basis of the difference between the measured pixel brightness level and the expected brightness level of that pixel in the clear sky and the position of the pixel in relation to the sun. Davis et al. (1992) used color slides as a source of cloud images. They employed a threshold method to determine the cloud amount of the images obtained from the color slides. Any pixel values below two chosen thresholds were taken to be cloud, and pixel values above were taken to be sky. Because Wooldridge found only qualitative agreement compared to visual observations of cloud when applying his technique to measuring cloud amount, a combination of both of these approaches has been adopted for use in the sky camera presented in this paper. The difference is that the comparison of image pixel to that expected in a clear sky
Radiation measurement (datalogger in foreground) and sky image capture subsystem (power supply, camera, and stepper motor housing in the background). (Wooldridge 1993 ) was modified to incorporate a correlation technique to determine the degree of solar obstruction. The threshold method of Davis et al. (1992) was adapted by using a nonlinear approach to measure cloud amount. This adaptation reduced the problem that Davis et al. found of incorrectly identifying weak cloud edges.
The present paper presents the evaluation of the automated, ground-based, sun-centered sky camera (SCSC) system for cloud assessment for the period of September 1997, solar zenith angle (SZA) 53.2Њ to 23.9Њ between 0900 and 1500 LT. Details of the requirement for the camera are presented in Sabburg and Wong (1997) . This evaluation is used to illustrate the potential for the SCSC to automatically retrieve information about solar obstruction and cloud amount data. The evaluation also includes a brief discussion about the use of the data for studying the effects of the cloud on the UV radiation at the ground level. The topic will be illustrated with available data. Additional papers will provide more detailed analyses of future data.
Instrumentation
The SCSC system consists of three subsystems: a radiation measurement unit (datalogger shown in Fig.  1 ), a sky image capture subsystem (camera and stepper motors also shown in Fig. 1) , and an image analysis computer. A control computer that contains a framegrabber card (Digital Vision 1992) is connected to the camera [charged coupled device (CCD) supplied by IS-SCO]. The stepper motor driver (supplied by Arrick Robotics 1995) is connected to the Centronics printer port of the computer. The datalogger of the radiation measurement unit is connected to the RS232 port of the computer. Images and data are sent offline via an ethernet card to the image analysis computer. This computer runs the image-processing algorithm that is written using the commercial computer package MATLAB and the associated image-processing toolbox (Thompson and Shure 1995) .
The radiation measurement unit and most of the sky image capture subsystem are located approximately 11 m above the ground on a flat corrugated roof of a threestory building at the campus of the University of Southern Queensland (USQ) in Toowoomba (27.6ЊS latitude, 696 m above sea level) (Fig. 1) . The distance between the radiation sensors and camera is approximately 5.7 m. This location has essentially 360Њ unobstructed views for 10Њ or more above the horizon, an approximate uniform UVR albedo of 0.1, and relatively nonpolluted skies. The radiation measurement unit comprises a commercial datalogger (supplied by Monitor Sensors 1989) and three solar detectors (UVB, 280-320 nm; UVA, 320-400 nm; sunlight, 400-950 nm) for monitoring the 6-min average UVB, UVA, and total sunlight, respectively. These data together with the date and the time are sent to the controlling computer at 6-min intervals.
The UV data was calibrated at noon during the measurement period by comparison of the irradiances to those measured by a spectroradiometer with calibration traceable to the primary Australian standard lamp housed at the National Measurement Laboratory (Wong et al. 1995) . Daily total column ozone in Dobson units (DUs) near the site of cloud measurements was recorded by a Dobson spectrophotometer. The uncertainty of the data was estimated to be within Ϯ3%. As the ozone levels were considered constant throughout the day, the data represent the daily average of the ozone level.
The sky image capture subsystem comprised a camera and a stepper motor control. The camera consisted of a standard color video camera (½Љ CCD), with shutter set to 1/125 s and a wide-angle lens (½Љ CS mount, F16, focus set to infinity). One stepper motor was used to turn a filter wheel assembly that was located above the camera lens (Fig. 2) . This assembly consisted of six apertures (55-mm diameter), equally spaced at 60Њ [opaque, clear, ϫ2, ϫ4, ϫ8 , neutral density, and red filter]. The first aperture was opaque (coated with aluminium foil) and ensured that the sun's rays did not damage the CCD chip of the camera. The clear filter was made of Perspex. The remaining filters were obtained from a typical 35-mm camera set.
The second motor was geared to point the camera in the direction of the sun in an east-west direction. Two components of the sky image capture system (the camera and the filter wheel stepper motor assembly), were housed in a weatherproof portable Peltier refrigerator (supplied by Kookaurra Pty. Ltd.), with a circular glass
Stepper motor used to turn a filter wheel assembly, which is located above the camera lens when the lid is closed. This Peltiercooled housing is also shown in the background of Fig opening (145-mm diameter) for image capture (Fig. 2) . The Peltier was used to keep the camera in an operating temperature range below 40ЊC. The refrigerator was supported by a ''cradle'' attached to a frame that was positioned to allow the sun and the surrounding sky to appear in the field of view (FOV) of the camera (75Њ east-west and 98Њ north-south). The power supply for the camera and Peltier were housed in an adjacent semiweatherproof box (Fig. 1 ).
Instrument control methodology
The control program was designed to control the two stepper motors. Initially the camera was pointed at the sun on power-up by one of the stepper motors. This initial setup was achieved by obtaining the time of day from the datalogger (synchronizing the computer clock to this time) and waiting until the stepper motor positioned itself in 0.06Њ steps either in the clockwise or anticlockwise direction. This was based on using the equation of time (Nautical Almanac Office 1985) to set the camera in an appropriate position at local noon and a movement of 15Њ h Ϫ1 from this position. The motor was geared at a ratio of 1:15 with a minimum step of 0.9Њ. Thus it can track the sun every 14.4 s. The altitude angle of the camera was manually adjusted at the end of each week by approximately 2Њ. This was necessary to keep the sun in the center of the FOV of the camera in a north-south direction.
Once the camera was in position, the program waited for a 6-min period during which the datalogger sent weather data to the control computer (approximately 100 Mbytes per month). Two minutes later the camera was moved an appropriate number of steps in a clockwise direction to maintain the sun in the center of the FOV of the camera (Ϯ20 pixels). The program then consecutively rotated the filter wheel by 60Њ storing three of the five available graphical interchange format (GIF) images (clear, ϫ4, and red) of the clouds. Each GIF image was 200 ϫ 320 pixels and the weather data were stored as sequential data files. Thus for each 6 min, a data file and three image files were stored.
This procedure was repeated between 0900 and 1500 LT each day or until user intervention occurred. At 1500 LT the camera was returned to the vertical position and the program ended. The Peltier refrigerator and camera was turned off at 1630 LT by a digital timer, enabling the interior of the refrigerator to further cool down. They were turned on again at 0830 LT the next day. The controlling computer and the stepper motor driver unit were also controlled by a separate digital timer to switch on at 0850 LT and off again at 1710 LT. At the end of each month, the data that had been stored on the control computer were transferred to the image analysis computer for batch processing over the weekend period. The execution time was approximately 1 min per image.
Image analysis methodology
The image-processing algorithm used the three stored images in different ways. The first and last images were converted from an indexed format, with corresponding colormap, to a red green blue (RGB) format, the first with 100% hue and saturation and the last with 0% hue and 100% saturation. The second image was converted from indexed to a 256 grayscale format (Thompson and Shure 1995, p. 2-126, 2-127) . The green component of the red filtered RGB image (to be referred to as image 1) was found to be the most appropriate color component in identifying the sun's location in relatively cloudy conditions, as the sun's disk was of maximum contrast. The red component of the RGB clear aperture image (image 3) was used in identifying cloud pixel in relatively cloudy conditions when averaged with the grayscale ϫ4 ND filter image (image 2). This averaged image provided optimum contrast between cloud and sky. Image 2 was also used for locating the sun and identifying cloud in all other sky conditions. All images were relatively free of noise, except for the presence of horizontal lines in some cases of image 1. These lines were most likely due to electrical interference.
As well as the three images, information from the solar radiation sensor was used to determine when to select image 3 by comparing the solar radiation data corresponding to each image to that corresponding to a selected clear-sky or reference image (RI). The solar radiation data was also used in decisions relating to the degree of obstruction of the sun. The initial decision of the degree of solar obstruction was based on a comparison of the chosen image with that of the RI. This was then used for comparison with all images to be analyzed (ITBA) for that month. The level of solar radiation was also used to adjust the threshold values. A threshold (or comparison value) was used for deter- mining which image pixel is cloud or sky. Thresholding is the process through which a pixel is identified to be either free of cloud or totally filled with cloud, depending on whether the measured radiance is above or below the threshold values. This was achieved by converting the grayscale image to a binary image based on the image pixel values being higher or lower than the threshold value. Reflection from the sun on the camera system sometimes caused an error when identifying the cloud in the images. For a selected range of solar radiation readings the image threshold value was increased to reduce these reflections from the sun on the camera system being mistaken as cloud. Under special circumstances it was possible to determine the cloud type: either cirrus (Ci) or other cloud. This was determined by the standard deviation (SD) of values of the threshold cloud explained below. This SD was also used in determining the degree of obstruction of the sun when Ci clouds were involved. Figure 3 shows the block diagram of the essential steps of the image analysis algorithm that has been developed for the SCSC. To develop the algorithm 829 sky images were collected during the first 15 days of September 1997. Each image was visually inspected for the properties of the degree of solar obstruction and for an estimate of the cloud amount around the sun. Repetitive changes (sometimes called ''supervized'' training) were made to the algorithm based on the computer versus visual results. This process improved the false alarm rate of detection of the cloud properties. The expectation is that when more images are used in supervised training an increase in the accuracy of the algorithm when applied to new image datasets will occur. The following is a brief description of each of these steps.
a. Preprocessing
Initially the program checked for any nonreadable images that may have occurred and for the correct structure and sequence of image and data files. This was achieved by attempting to read each GIF image successfully, followed by checking the sequence of times that the images and data were stored. Next, a manual selection of the RI was made for the month. This was chosen typically midway during the month and around noon to correspond to the day of the UV sensor calibration. The sun's location with respect to the center of the image and the corresponding solar radiation reading were noted. The image pixel was then translated until the sun was positioned at the center of the RI (Fig. 4) . 
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b. Radiometric and geometric correction
From laboratory tests of the SCSC, it was determined that the image geometry of a circular disk was approximately equal in area (Ϯ1.3%) after an image resizing from 200 ϫ 320 to 200 ϫ 256 pixels. Bilinear interpolation was used to perform the resizing. This fits a linear surface through the values of the four closest pixels. The resizing was applied to images 1, 2, and 3 of the ITBA (Fig. 5) .
c. Image correlation and centering
A correlation method based on a comparison with the RI (image 2 or 3) was developed using the following algorithm. The correlation coefficient r (Thompson and Shure 1995) was defined as
where A and B are the RI and ITBA, respectively. After Ϯ20 pixel shifts in the m and n directions of the RI, plus an additional Ϯ5Њ rotations, the m, n, and rotation values of the highest correlations were used to center the ITBA, except in cases where the sun was totally obscured. The normalized solar radiation (NSR) value was calculated as the ratio of the corresponding ITBA/ RI values. The mean brightness of the image (IMB) was determined (Thompson and Shure 1995) for the case of very bright clouds when the sun was actually blocked.
d. Degree of solar obstruction and cloud amount around the sun
A circular mask of 30Њ FOV (radius of 35 pixels) was applied to image 2 of both the RI and the ITBA. This mask highlighted the mean brightness around the sun (SMB). The indices defined in the preceding section were determined and they were used for classification of the images. The criteria for the application of the mask (Thompson and Shure 1995, p. 2-98) was obtained by the training program using the 829 images as described in the introduction to section 4. The degree of solar obstruction algorithm is summarized in appendix A. The last ''disk obscured'' (DO) condition also indicated Ci cloud.
A circular mask of 70Њ FOV (radius of 80 pixels) was then applied to the ITBA, as this is the maximum FOV in all directions of the video camera. This ensured that all pixels in this masked area had been calibrated. Second, the sun mask described above was subtracted from images 1 and 2 of the ITBA. This was achieved by the use of masked filtering using a filter consisting of 9 ϫ 9 zeros (Thompson and Shure 1995, p. 2-138) . This sun mask takes up 8.5% of the image area, with most area in a 10Њ FOV (Fig. 6) . Next, thresholding of the remaining pixel to either cloud or clear sky was applied (Fig. 7) . The thresholding levels used in this paper were varied according to the degree of solar obstruction of the image (which included solar radiation values), as well as depending on the IMB. The threshold conditions for cloud amount determination are summarized in appendix B. The average of images 1 and 2 were found after a (5 ϫ 3) median filter was applied (Thompson and Shure 1995, p. 2-136, 2-137) . This was a nonlinear filter that computes the value centered under the filter for each local m ϫ n neighborhood to reduce the general noise level, in particular, horizontal lines. All of the above decisions were based on the premise that for dark scenes or dark clouds, lower thresholds are required and for bright scenes or thin clouds, higher thresholds are needed. This kept under-or overestimation of cloud amount around the sun to a minimum. The area of the cloud was then determined in the region of interest (ROI). This ROI is that area not occupied by the sun mask and inside the 75Њ FOV mask. The area was measured using 2 ϫ 2 pixel patterns, called bit quads. There are six categories of bit quads. The bit quads are grouped in the image based on their pattern categories. The estimate is based on a weighted sum of the number of each bit quad pattern found in the image, with each pattern having a different weighting factor (Thompson and Shure 1995, p. 2-14) . Mean fractional cloud amount was estimated by counting the number of cloudy pixel within a region. The area was then expressed as a percentage of the total area of the 75Њ FOV, less the area of the sun mask.
Evaluation
A total of 592 images were collected during the last 15 days of September 1997. These images had not been previously used in the training program. They were also visually inspected to produce the data for evaluation. Four general rules were applied when determining the degree of solar obstruction in the following special circumstances: if Ci cloud was detected around the sun, its state was classified as DO; if a considerable amount of non-Ci cloud existed near the sun and it was relatively bright in this region, its state was taken as ''disk partially obscured'' (DPO); if it was uncertain whether some pixel were very dark cloud or clear sky around the sun, the state was taken as DPO; and if the sun appeared hazy, then, because this could indicate smoke or other aerosols, but not cloud, the state was recorded as ''disk not obscured'' (DNO).
The results obtained by visual inspection and those obtained by the computer are compared in Table 1 . Of the 592 images obtained there were 251 DO, 118 DPO, and 223 DNO. There were also 27 images that were recorded as Ci cloud. Of the 592 images, there were 453 (or 76.5%) correctly identified by the algorithm for the degree of solar obstruction and 485 (or 81.9%) correctly identified for cloud amount based on the categories of overcast (100%-80%), broken (80%-50%), scattered (50%-1%), and clear sky (1%-0%). For DNO cases (223 images), 188 (or 84.3%) were identified correctly for the degree of solar obstruction and 180 (or 80.7%) for cloud amount. Figure 8 shows the results for 11 September 1997. The vertical axes consist of the calibrated UVB radiation in units of milliwatts per square centimeter on the left scale, the computer derived degree of solar obstruction (0, 0.5, 1, right scale) and cloud amount (%, far right scale). The horizontal axis is given for 6-min intervals between 0917 LT (data point 1) and 1435 LT (51). This day was chosen from the training set, in which case the visual observations matched the computer results and no Ci clouds were present. It was also a day of variable cloud conditions. The ozone reading around noon for this day (as recorded in Brisbane) was 287 DU. The graph of Fig. 8 clearly demonstrates the variation of UVB level with changes in the degree of solar obstruction by cloud and cloud amount around the sun during the day. In one case [between 1112 LT (20) and 1130 LT (23)] there is a general trend in which the UVB level decreased as the cloud cover increased. UVB decreased by 76.6% as the degree of solar obstruction changed from DNO to DO and the cloud amount also increased VOLUME 16 from 0% to 100% around the sun. Between 1148 LT (26) and 1154 LT (27) the degree of solar obstruction changed from DO to DPO, with a decrease of cloud amount from 100% to 11%. The corresponding increase of UVB was 65.3%.
A problem of solar reflections on the camera was introduced in the SCSC as a result of the camera being centered on the sun. An example of this can be seen in the top region, just left of the sun, in Fig. 4 . This also occurs in other sky camera systems (not concerned with the degree of solar obstruction), in which no shading disk is used to block out the sun in the images. For cloud amount values typically less than 10%, these reflections may be interpreted as small cloud patches. By changing the thresholding levels used for determining cloud pixel for a range of solar radiation readings, this problem is reduced. Other methods of overcoming this problem will be addressed in the next version of the SCSC.
Conclusions and discussion
A new ground-based sky camera system has been evaluated. It is the first sky camera system to be used for the assessment of cloud conditions in the vicinity of the sun and to automatically retrieve the degree of solar obstruction. Its features include sun tracking, integrated radiation received at the same location, use of solar radiation data, and nonlinear thresholding in the image-processing procedure.
The evaluation of the system for images during September 1997 suggests that the SCSC system can determine the degree of solar obstruction (DNO, DPO, and DO) to an accuracy of about 80%. It can also determine the cloud amount in an FOV of between 25Њ and 75Њ of the sun to an accuracy of 80%. This would indicate that the system may have potential to automatically analyze sun-centered sky images for other months of the year.
As seen in Table 1 , the SCSC does not handle the detection of DPO or cloud amount between 50% and 80% acceptably at this stage. This is mainly a result of Ci cloud and in some cases very dark cloud. Dark clouds require lower thresholds and thin Ci clouds require higher thresholds. In a future version of the SCSC algorithm, it is proposed to use a similar method as Harris and Barrett (1978) used for satellite cloud images for meteorological purposes. They used a combination of brightness and texture measurements to determine cloud type. Texture is evaluated by measuring the SD as well as the vector dispersion of the density values within small window areas of the whole image. Discriminant analysis scheme windows could then be allocated to Ci, dark, other cloud, or no cloud. The results of their analysis of visible and infrared images showed an accuracy of greater than 72% in cloud type identification. One disadvantage of introducing such a scheme would be a considerable increase in image-processing execution time per image.
The example cloud and UVB data that has been presented clearly illustrates the potential of the system to be used in researching the characterization of the effect of cloud around the sun on UV radiation received at the earth's surface. Generally UVB levels changed as expected in relation to the observed cloud conditions. In some cases UVB changes occurred without corresponding changes in the degree of solar obstruction or cloud amount, as defined in this paper. Such a case is at 1130 LT (23) to 1142 LT (25), in which a 30% increase in UVB occurred for a constant DO and 100% cloud amount during this time. Such cases could be due to variable cloud thickness, changes of cloud conditions during the 6-min data retrieval interval, local changes in tropospheric ozone or aerosols or changes in cloud conditions outside the FOV of the SCSC. A detailed analysis with additional cloud parameters will require further data. 
